With the technical assistance of Salvatore Geraci, RDMS To determine the feasibility of noninvasive determination of right ventricular systolic pressure (RVSP) during a graded-exercise protocol, saline contrast-enhanced Doppler echocardiography of tricuspid insufficiency was performed in 36 patients with chronic lung disease and 12 normal controls. In the patients with chronic pulmonary disease, symptom-limited, incremental supine bicycle exercise and pulse oximetry were performed on and of high-flow oxygen. Technically adequate Doppler studies were initially obtained in 20 patients (56%) at rest and 14 (39%) on exercise; these numbers increased to 33 (92%) and 32 (89%o), respectively, after enhancement with agitated saline (both p<0.001). In 10 patients with chronic lung disease who had simultaneous hemodynamic monitoring during exercise, the correlation between Doppler and catheter measurements of pulmonary artery systolic pressure was close (r=0.98). Among controls, RVSP increased from 22±4 at rest (mean± SD) to 31±7 mm Hg at peak exercise. In patients with chronic lung disease, RVSP increased from 46±20 to 83±30 mm Hg (both p < 0.001 vs. controls). Despite normal resting values for RVSP in 28% of study patients, nearly all showed abnormal increases in RVSP during supine bicycle exercise. Increases in RVSP during exercise were greatest in patients who showed oxyhemoglobin desaturation. The short-term administration of oxygen significantly blunted the increase in RVSP during exercise. Saline contrast-enhanced Doppler evaluation of tricuspid insufficiency seems a potentially valuable noninvasive method of determining the exercise response of RVSP in patients with chronic pulmonary disease. (Circulation 1989;79:863-871) Pulmonary hypertension is a complication of chronic lung disease that is associated with augmented morbidity and mortality.1-4There-fore, identifying pulmonary hypertension at rest or in response to exercise is important for diagnostic, prognostic, and therapeutic purposes. The measurement of pulmonary artery pressure during exercise
relation between RVSP and arterial hypoxemia during exercise, and 3) the effect of short-term supplemental oxygen therapy on these indexes.
Methods

Patient Population
The protocol was approved by the Committee for Human Research at the University of California, San Francisco. The patient population consisted of 12 control patients (aged 27-68 years, 11 male) with no history of cardiopulmonary disease and 36 patients with moderate-to-severe chronic pulmonary disease (aged 32-80 years, 21 male) from the Fort Miley Veterans Hospital or the University of California, San Francisco, who consented to participate in the study. Pulmonary diagnoses were based on the results of clinical evaluation, chest radiography, and pulmonary function testing. Etiologies of pulmonary disease included chronic obstructive pulmonary disease in 23 patients, interstitial lung disease in eight (sarcoidosis in four, idiopathic in three, radiationinduced in one), primary pulmonary hypertension in two, thromboembolic disease in two, and scleroderma with pulmonary vascular disease in one.
Pulmonary function tests, resting arterial blood gas, and hemoglobin were performed on all patients within 1 week of the study. Total lung capacity was measured by a nitrogen washout technique10 at the Fort Miley Veterans Hospital and by a helium dilution method at the University of California; diffusing capacity was measured by a single-breath carbon monoxide method and corrected for hemoglobin.'1 We excluded patients with known coronary artery disease, congestive heart failure, and vascular, orthopedic or neurologic problems of the lower extremities that precluded bicycle exercise. In addition, two patients were excluded after baseline echocardiography showed evidence of a previous inferior wall myocardial infarction in one patient and moderate left ventricular dysfunction with diffuse hypokinesis in another. Evaluations were scheduled when patients were clinically stable; testing was postponed when clinical exacerbations of symptoms occurred within the previous 4 weeks.
Oximetry
An N-10 or N-200 (R wave-gated) pulse oximeter (Nellcor, Hayward, California) with continuous readout was placed on the index finger of the right hand. The right hand was gently immobilized to prevent motion artifact during bicycle exercise. The lowest value for arterial saturation during each stage of exercise was recorded. Arterial desaturation during exercise was defined as a 4% or greater decrease from baseline levels of oxyhemoglobin saturation to less than 90% saturation. 12, 13 Exercise Protocol
Exercise studies were performed at 9:00 AM. Patients were instructed to eat a light breakfast on the morning of testing and to take their usual prescribed medications. Of the 36 study patients, 33 exercised on room air and oxygen ( (Figure 1 ).
To ensure accurate transducer position throughout exercise, the location of the continuous wave Doppler cursor was checked intermittently by twodimensional imaging. Tricuspid insufficiency was distinguished from aortic outflow or mitral regurgitation by 1) the location of the Doppler cursor within the boundaries of the right heart, 2) the characteristic high-pitched audio signal, 3) the characteristic sound and appearance of contrast enhancement of the tricuspid insufficiency profile (left heart Doppler signals will not show contrast enhancement in the absence of a right-to-left intracardiac shunt), and 4) the comparison to the contours of the resting Doppler envelopes.
Invasive Testing
Of the 36 patients with chronic pulmonary disease in the study, 10 had flow-directed pulmonary artery catheters, and 10 had radial or brachial arterial catheters in place at the time of exercise testing; these catheters had been inserted for reasons unrelated to this study. Etiologies of chronic pulmonary disease in the 10 patients who exercised with flow-directed pulmonary artery catheters in place were obstructive disease in five, primary pulmonary hypertension in two, thromboembolic disease in two, and interstitial disease in one. In these 10 patients, Doppler estimation of RVSP during exercise was correlated with simultaneous determination of pulmonary artery systolic pressure by catheter. Correct placement of the pulmonary artery catheter was confirmed by pressure tracings and chest radiograph. Zero reference was midthorax at 200 leftward tilt on the exercise ergometer. Measurements of RVSP and pulmonary artery systolic pressure by two experienced, independent observers were compared for the average of five consecutive, simultaneous heart beats that showed technically superior Doppler signals at rest, at the end of each stage of exercise, and at 2-4 minutes of recovery.
To correlate the values for calculated and measured oxyhemoglobin saturation, arterial blood gases were drawn at rest and at peak exercise. Calculated oxyhemoglobin saturation was derived from arterial oxygen tension with Severinghaus equations19; measured oxyhemoglobin saturation was determined by pulse oximetry.
Data Analysis
For all variables, the mean rest value was compared with the mean exercise value by the paired t at rest (0%), 20%, 40%, 60%, 80%, and 100% of peak workload on room air, and at 4 minutes of recovery.
Patients were subdivided into subgroups based on 1) the presence or absence of pulmonary hypertension at rest, or 2) the presence or absence of oxyhemoglobin desaturation with exercise. Analysis of variance was performed separately on the data from these subgroups. Correlations among pulmonary function and exercise data were determined with least-squares linear regression analysis. Data The correlation between RVSP by contrastenhanced Doppler and pulmonary artery systolic pressure by pulmonary artery flotation catheter at rest and exercise in 10 patients (30 simultaneous measurement points) was close (r= 0.98, p <0.0001, Figure 3 ). Doppler tended to slightly underestimate pulmonary artery systolic pressure as measured by catheter, especially at peak exercise (RVSPDoppler= 0.88 x pulmonary artery systolic pressurecatete. + 4, Figure 3) . Mean right atrial pressure by Swan-Ganz catheter rose from 7 ± 4 at rest to 14 ± 7 mm Hg at peak exercise (p< 0.01).
The correlation between calculated and measured values for oxyhemoglobin saturation at rest and peak exercise in 10 patients (20 simultaneous measurement points) was also close (r= 0.97, p <0.0001, Saturationmeasured = 1.00 x Saturationcalculated + 1.4).
Exercise Performance of Controls
Exercise data on room air for control patients are presented in Table 2 . Mean RVSP at rest was 22 ± Although the duration of exercise was greater on oxygen than on room air in all but three patients (p<0.01), differences in exercise time were often small. Increases in workload, heart rate, and systolic blood pressure were not significantly different on room air and oxygen (Table 2) .
Although RVSP at peak exercise on oxygen was not significantly lower than RVSP at peak exercise on room air, RVSP on oxygen was significantly lower when matched for equivalent workloads. The differences between mean values for RVSP on oxygen and room air increased as workload progressed and became significant at 80% and 100% of peak exercise (Figure 4) . Comparison Oxygen equivalent, data on oxygen at equivalent workload to peak exercise on room air; SBP, systolic blood pressure; RVSP, right ventricular systolic pressure by Doppler. *p<0.05 vs. chronic pulmonary disease on room air. All entries in first three columns differ significantly from controls except nadir of oxyhemoglobin saturation on oxygen or oxygen equiv. 
Oxyhemoglobin Saturation
Similar to data in previously reported studies,31'32 the patients who had desaturation had significantly lower values for diffusing capacity and resting oxygen tension than those who did not have desaturation. In addition, patients who had desaturation had larger right ventricles and higher values for RVSP at rest and peak exercise than patients who did not have desaturation. Right-to-left shunting through a patent foramen ovale at rest or exercise was present in only two patients (one desaturated) and thus was not an important factor in the development of arterial hypoxemia during exercise.
The development of pulmonary hypertension in chronic lung disease may be related to repetitive episodes of transient hypoxic vasoconstriction.A2, 13 We have previously shown that only 21% of patients with severe chronic obstructive pulmonary disease who are not hypoxemic at rest undergo desaturation during sleep and that the degree of right ventricular enlargement and pulmonary hypertension in these patients is not greater than in those who do not undergo desaturation.15 In comparison, 61% of patients in the present study showed oxyhemoglobin desaturation during exercise. Unlike the results of the sleep study, the patients in this study who had desaturation during exercise had significantly larger right ventricles and higher pulmonary pressures at rest and peak exercise than those who did not have desaturation.
Summary
We have shown that saline contrast-enhanced Doppler is potentially valuable for the noninvasive estimation of pulmonary artery pressure during exercise in patients with chronic lung disease.
Patients who showed arterial oxyhemoglobin desaturation during exercise had larger right ventricles and higher pulmonary pressures at rest and exercise than patients who did not show desaturation. Despite normal resting values for RVSP in 28% of patients in the study, nearly all showed abnormal increases in RVSP during supine bicycle exercise. In addition, the short-term administration of oxygen blunted the increase in RVSP during exercise.
